Adult neural stem cells reside in specialized niches. In the ventricular-subventricular zone (V-SVZ), quiescent neural stem cells (qNSCs) become activated (aNSCs), and generate transit amplifying cells (TACs), which give rise to neuroblasts that migrate to the olfactory bulb. The vasculature is an important component of the adult neural stem cell niche, but whether vascular cells in neurogenic areas are intrinsically different from those elsewhere in the brain is unknown. Moreover, the contribution of pericytes to the neural stem cell niche has not been defined. Here, we describe a rapid FACS purification strategy to simultaneously isolate primary endothelial cells and pericytes from brain microregions of nontransgenic mice using CD31 and CD13 as surface markers. We compared the effect of purified vascular cells from a neurogenic (V-SVZ) and non-neurogenic brain region (cortex) on the V-SVZ stem cell lineage in vitro. Endothelial and pericyte diffusible signals from both regions differentially promote the proliferation and neuronal differentiation of qNSCs, aNSCs, and TACs. Unexpectedly, diffusible cortical signals had the most potent effects on V-SVZ proliferation and neurogenesis, highlighting the intrinsic capacity of non-neurogenic vasculature to support stem cell behavior. Finally, we identify PlGF-2 as an endothelial-derived mitogen that promotes V-SVZ cell proliferation. This purification strategy provides a platform to define the functional and molecular contribution of vascular cells to stem cell niches and other brain regions under different physiological and pathological states.
Introduction
Neural stem cells reside in specialized niches in the adult mammalian brain, where they continuously give rise to neurons. The ventricular-subventricular zone (V-SVZ) of the lateral ventricle is the largest germinal niche in the adult mouse brain and is the source of olfactory bulb interneurons and some oligodendrocytes.
The vasculature is an integral component of adult neural stem cell and brain tumor niches (Silva-Vargas et al., 2013; Cuddapah et al., 2014) . Blood vessels are formed by endothelial cells, which in the brain are interconnected by tight junctions, an important component of the blood-brain-barrier (BBB). Pericytes are mural cells that surround endothelial cells and are important for development and integrity of the BBB (Armulik et al., 2010; Bell et al., 2010 Bell et al., , 2012 Daneman et al., 2010b) . Finally, astrocyte endfeet completely ensheath blood vessels. The vasculature in the V-SVZ niche has a planar architecture and dividing cells are juxtaposed to blood vessels (Shen et al., 2008; Tavazoie et al., 2008) . V-SVZ stem cells and transit amplifying cells (TACs) frequently directly contact blood vessels at specialized sites that lack glial end feet and pericyte coverage, a feature unique to V-SVZ vasculature (Tavazoie et al., 2008) . The V-SVZ also has an altered BBB, as small-molecular-weight tracers injected into the circulation access the V-SVZ (Tavazoie et al., 2008) .
In vitro studies allow the dissection of the contribution of individual niche cell types to each stage of the stem cell lineage. Importantly, it is not known whether intrinsic differences between the vasculature in stem cell niches and in non-neurogenic regions are responsible for the active proliferation observed in adult neurogenic areas. To date, studies on the vascular niche have largely focused on endothelial cells and have used transformed endothelial cell lines or primary endothelial cells from a heterotypic organ or species as well as exogenous growth factors in the medium (Leventhal et al., 1999; Shen et al., 2004 the regulation of adult neural stem cells and their progeny has not been directly addressed due to difficulties in isolating pure populations from such a small brain region and the role of pericytes has not been explored.
Here, we describe a simple and rapid strategy using FACS to simultaneously isolate primary endothelial cells and pericytes from neurogenic and non-neurogenic brain microregions. This purification approach provides a flexible platform to obtain pure vascular populations from different brain regions. We define the functional effect of diffusible signals from primary endothelial cells and pericytes from both neurogenic and non-neurogenic areas on the adult V-SVZ stem cell lineage and show regional differences in their effects on proliferation and neurogenesis. Strikingly, vascular cells from the cortex, a non-neurogenic area, have an unexpected capacity to support robust proliferation of stem cells and their progeny. We further identify placental growth factor 2 (PlGF-2) as a potentendothelial-derived factor that promotes V-SVZ cell proliferation.
Materials and Methods
Immunostaining. The Columbia University Institutional Animal Care and Use Committee approved all protocols involving the use of experimental animals in this study. V-SVZ whole-mount preparations were prepared as described previously (Doetsch et al., 1996) . Fortymicrometer-thick Vibratome coronal sections were also immunostained. Tissue was blocked for 1 h at room temperature in 10% donkey serum in 0.5% Triton X-100 (Sigma). All primary antibodies were incubated at 4°C in 10% donkey serum in 0.5% Triton X-100 in 1ϫ PBS for 2 nights, washed at room temperature in 1ϫ PBS Ͼ2 h, followed by a 2 h incubation with secondary antibodies in 0.5% Triton X-100 in 1ϫ PBS. Primary antibodies were as follows: rat anti-mCD13 (Abcam catalog #ab33489; RRID:AB_726095, 1:500), phycoerythrin (PE)-conjugated rat anti-mCD31 (BD Biosciences, catalog #553373; RRID:AB_394819, 1:50), and rabbit anti-PDGFR-␤ (Cell Signaling Technologies, catalog #4564S; RRID:AB_2236927, 1:200). Whole mounts or sections were mounted and imaged on a Zeiss LSM 510 confocal microscope as Z-stacks.
FACS purification of primary vascular cells. The cortices and V-SVZs of CD-1 2-month-old male mice (Charles River Laboratories) were microdissected in 2% FBS in 1ϫ PBS and processed separately; for each experiment, 10 mice were used to obtain V-SVZ samples and 1 mouse for the cortex. For cortical samples, the meninges were removed with a fine tweezer. Tissue was minced with a scalpel and digested with collagenase/ dispase (3 mg/ml; Roche) for 30 min at 37°C with rotation, triturated in 2% FBS in 1ϫ PBS with DNase (0.25 mg/ml), and centrifuged through 22% Percoll to remove myelin. The samples were incubated on ice for 15 min with fluorescein isothiocyanate (FITC)-conjugated rat-anti-mCD13 (BD Biosciences catalog #558744; RRID, AB_397101, 1:20) to label pericytes, allophycoerythrin (APC)-conjugated rat-anti-mCD31 (BD Biosciences catalog #551262; RRID: AB_398497, 1:50) to label endothelial cells, PE-conjugated rat anti-mCD45 (BD Biosciences catalog #553081; RRID: AB_394611 1:200), and PE-conjugated rat anti-CD41 (BD Biosciences, catalog #558040; RRID:AB_397004 1:200) to exclude blood cells, megakaryocytes, and platelets. After washing, samples were resuspended in HBSS buffer with DAPI (Sigma, 1:500) to exclude dead cells. Cells were sorted using a Becton Dickinson FACSAria using 13 psi pressure and 100 m nozzle aperture. All FACS gates were set using unlabeled cells, singlecolor and isotype controls from WT CD-1 mice. For flow cytometry experiments to examine PDGFR-␤ expression, the same procedure was used with the following antibody combinations: rat anti-PDGFR-␤ (eBiosciences catalog #14-1402-81; AB_467492, 1:50) revealed with antirat APC (1:200), PE-conjugated rat-anti-mCD45, PE-conjugated ratanti-CD41, FITC-conjugated CD13, and PE-Cy7-conjugated CD31 (BD Biosciences, catalog #561540; RRID: no ID, 1:200). To determine FACS sorting efficiency, the actual cell number versus event number was counted in a control well and this value was used to normalize cell numbers across the plate. To evaluate in vitro survival of the purified populations, cells were stained with Vybrant dye after 24 h in culture, quantified, and normalized to the efficiency.
To perform acute immunostaining, purified cells were plated in 16-well chambered slides (Lab-Tek) coated with collagen (Stem Cell Technologies) in EGM-2 (Lonza) endothelial medium. Slides were spun down immediately after plating and fixed with 3.2% PFA after 2-3 h at 37°C. For long-term cultures, cells were fixed after 2 weeks. Cells were immunostained with rat anti-mCD31-PE (BD Biosciences, catalog #553373; RRID:AB_394819, 1:50) and rat anti-mCD105 (Abd Serotec, catalog #MCA4706, RRID:AB_2098891, 1:50), or rat anti-PDGFR␤ (eBiosciences, catalog #16-1402-82; RRID:AB_469070 1:100) and rat antimCD13-PE (BD Biosciences, 1:20) and DAPI. Secondary-only controls were performed for acute immunostainings. More than 300 cells of each cell type from 3 separate experiments were analyzed and quantified for expression of the above markers.
qPCR of primary vascular cells. After FACS, ϳ20,000 CD31
Ϫ cells from the cortex or the V-SVZ were collected and spun down in one well of a 96 well qPCR plate. Pellets were resuspended in 4 l of Prelude Direct Lysis Buffer (NuGEN) and 1 l of this solution was added directly to WTOvation Pico RNA Amplification System (NuGEN). cDNA was purified (Qiagen MinElute Reaction Clean-up Kit) before performing qPCR. The quality of each sample was assessed by performing qPCR for housekeeping genes Actb), cell-type-specific genes (Tjp1 and Glut1 for endothelial cells; Pdgfrb and Abcc9 for pericytes), and Gfap to exclude astrocyte contamination. qPCR was performed in duplicate using SYBR green on a Stratagene MX3000 thermocycler (Applied Biosystems) with an annealing temperature of 58°C. The relative expression of the genes was determined using the 2 Ϫ⌬⌬Ct equation (n ϭ at least 3 separate biological samples for each gene; Table 1 ).
Culture of FACS-purified vascular cells. Endothelial cells or pericytes from cortex or V-SVZ were pooled from 4 -6 FACS experiments and cultured in EGM-2 media (Lonza) on collagen type 1-coated wells for 2-3 weeks before obtaining conditioned media. Bend.3 cells (ATCC) were cultured in DMEM high-glucose medium (Invitrogen), 10% fetal bovine serum, L-glutamine (2 mM final concentration; Invitrogen), and antibiotic/antimycotic (1ϫ; Invitrogen).
Preparation of conditioned medium. One day before harvesting conditioned medium, cultured primary endothelial cells and pericytes were washed with 1ϫ PBS and switched to neurosphere medium (DMEM/F12 medium; Invitrogen), N2 (1ϫ final concentration; Invitrogen), B27 (1ϫ final concentration; Invitrogen), glucose (0.6% final concentration; Sigma), L-glutamine (2 mM final concentration; Invitrogen) insulintransferrin-selenium (1.72 mM insulin final concentration; Invitrogen), HEPES (15 mM final concentration; Invitrogen), and antibiotic/antimycotic (1ϫ; Invitrogen) without growth factors. For Bend.3 cells, 2 d before collecting conditioned medium, cells were treated with mitomycin, plated on collagen-coated wells, and switched to neurosphere medium as described above. Conditioned medium from all vascular cell types was harvested after 24 h.
FACS purification of V-SVZ cells. The V-SVZs from 2-month-old GFAP-GFP mice, which express GFP under the control of the human GFAP promoter (Zhuo et al., 1997) were dissected and each population FACS-purified as described previously (Pastrana et al., 2009; Codega et al., 2014) .
Conditioned medium experiments. Fresh cortical or V-SVZ endothelial or pericyte conditioned medium was added to FACS-purified V-SVZ cells every 2-3 d for the duration of each experiment. Neurosphere medium without growth factors or with EGF (20 ng/ml) served as negative For differentiation experiments, V-SVZ cells were cultured with conditioned medium, neurosphere medium with EGF, or neurosphere medium alone for 10 d and then switched to neurosphere medium alone for 5 d. Cultures were fixed and immunostained with rabbit anti-GFAP (Invitrogen catalog #13-0300; RRID:AB_86543, 1:1000), mouse anti-O4 (Merck catalog #MAB345; RRID:AB_11213138, 1:1000), and mouse anti-TuJ1 (Covance catalog #MMS-435P-250; RRID:AB_10063408, 1:200) antibodies and quantified. O4 staining was performed on live cells for 30 min at 37°C before fixation. All other staining conditions were as described above for whole mounts except that primary antibodies were only incubated one night.
To measure survival, purified V-SVZ populations were fixed 1 d after plating and the number of Vybrant dye ϩ nuclei counted. Antibody array analysis. Conditioned medium from cortical and V-SVZ endothelial cells and pericytes was prepared as described above. Conditioned medium from each cell type (500 l) containing equal amounts of protein was analyzed using ARY015 antibody arrays (R&D Systems) following the manufacturer's instructions. All membranes were developed at the same time with identical film exposure times. The relative intensity unit values of positive dots were obtained using ImageJ software and normalized to the internal positive and negative controls on each membrane.
VEGFR inhibition experiments. Cortical endothelial conditioned medium was prepared and aNSCs plated as described above for conditioned medium experiments. aNSCs were incubated with the indicated concentrations of ZM 306416 (Tocris Bioscience) in DMSO. PlGF-2 (Leinco Technologies ) or EGF (Millipore) was added to the medium at 20 ng/ml. The total cell number was quantified after 7 d.
PlGF-2 experiments. qNSCs, aNSCs, and TACs were plated as described above and cultured with NS medium alone, EGF alone (20 ng/ ml), or PlGF-2 alone (20 ng/ml). The total cell number per well was counted after 7 d. For qNSC activation, the total cell number and number of Nestin ϩ /MCM2 ϩ clones were quantified at 7 d (Codega et al., 2014) . Analysis and quantification. Cells were imaged on a Zeiss Axiovert 200M microscope. The total number of cells and their phenotype were quantified per well. All experiments were performed at least three times with three wells per condition with conditioned medium from at least three separate biological replicates. Statistical analysis in two-way comparisons was determined by unpaired 2-tailed Student's t test. When comparing more than two datasets, one-way ANOVA analysis was used to determine significance followed by post hoc Bonferroni's multiplecomparisons test on pairwise comparisons. All averaged data are presented as mean Ϯ SEM. pericytes (alanyl-aminopeptidase or CD13; Kunz et al., 1994) were expressed in the V-SVZ and cortex (Fig. 1 ). We performed immunostaining in both coronal brain sections and whole mount preparations of the lateral wall of the lateral ventricle for CD31, CD13, and platelet-derived growth factor receptor ␤ (PDGFR-␤), a marker of pericytes (Armulik et al., 2011) . CD13 and PDGFR-␤ were coexpressed in the same cells in both the cortex ( Fig. 1 B, D) and in the V-SVZ (Fig. 1 E, F ,H ) and did not colabel CD31 ϩ endothelial cells ( Fig. 1 A, C, D, G,H ) . A total of 98.5% Ϯ 0.9% of pericyte soma were colabeled with PDGFR-␤ and CD13 in the V-SVZ and 99.1% Ϯ 0.9% in the cortex (n ϭ Ͼ150 cells).
Results

FACS isolation of primary endothelial cells and pericytes from brain microregions
Previous approaches to isolate brain vascular cells require time-consuming and harsh dissociation and digestion conditions that yield low cell numbers and impure vascular populations that require further subculturing (Dore-Duffy, 2003; Wu et al., 2003; Gama Sosa et al., 2007; Teng et al., 2008; Daneman et al., 2010a; Plane et al., 2010; Tigges et al., 2012; Boroujerdi et al., 2014; Welser-Alves et al., 2014) . We found that these approaches were ineffective for isolating endothelial cells and pericytes from the V-SVZ, which only provides a very small amount of starting tissue. We therefore developed an alternative purification strategy using FACS to prospectively isolate vascular cells from brain microregions. To optimize cell yields, we microdissected the V-SVZ and the cortex and then minced tissue with fine scalpels. Although adult V-SVZ neural stem cells and their progeny can be FACS purified using papain for dissociation (Pastrana et al., 2009; Codega et al., 2014) , papain degraded CD31 in a timedependent fashion (data not shown), precluding its use for isolating endothelial cells. In contrast, collagenase and dispase preserved both CD31 and CD13 epitopes. To remove contaminating myelin, we included a centrifugation step with 22% Percoll. The single cell suspension was immunostained with directly conjugated antibodies against CD31 and CD13 to label endothelial cells and pericytes, respectively, as well as CD45 and CD41 to exclude blood cells, megakaryocytes, and platelets (Fig. 2) . Isotype controls were used to set gates ( Fig. 2G-I ). After excluding debris ( Fig. 2A) , doublets (Fig. 2B) , DAPI ϩ dead cells (Fig. 2C) , and CD41PE ϩ and CD45PE ϩ cells (Fig. 2D ), we obtained two distinct populations, CD31 ϩ CD13 Ϫ (endothelial cells) and CD13 ϩ CD31 Ϫ (pericytes; Fig. 2 E, F ). In the cortex and V-SVZ, endothelial cells comprised on average 6.0 Ϯ 0.6% and 3.4 Ϯ 1.4% of total CD45 Ϫ CD41 Ϫ cells, respectively, and pericytes comprised 1.6 Ϯ 0.25% and 1.2 Ϯ 0.35% of total CD45 Ϫ CD41 Ϫ cells, respectively ( Fig.  2 E, F ) . Interestingly, the ratio of pericytes to endothelial cells is greater in the V-SVZ (1:2.8) than the cortex (1:3.7; p Ͻ 0.001). Using this protocol, ϳ20,000 -40,000 endothelial cells and 10,000 -15,000 pericytes can be simultaneously isolated from 10 V-SVZs or 1 cortex in 5 h.
To assess the purity of FACS purified endothelial cells and pericytes, we used several approaches. First, we performed flow cytometry for PDGFR-␤ in the CD31 ϩ and CD13 ϩ populations. In agreement with our in vivo immunostaining, Ͼ99% of CD31 ϩ CD13 Ϫ cells were PDGFR-␤ Ϫ ; conversely, Ͼ99% of CD31 Ϫ CD13 ϩ cells were PDGFR-␤ ϩ in both regions ( Fig.  3 A, B) . We also performed acute immunostaining of freshly isolated cells with CD105 (endoglin), an endothelial cell marker (Graulich et al., 1999) and PDGFR-␤. By acute immunostaining, 99.2% and 97.3% of purified endothelial cells were CD105 ϩ and 
CD31
ϩ , respectively, from the cortex, and 99.3% CD105 ϩ and 97.7% CD31
ϩ from the V-SVZ (Fig. 3C-F ) . Similarly, 98.8% and 97.7% of purified pericytes were PDGFR-␤ ϩ and CD13 ϩ , respectively, from the cortex and 96.3% and 96.3% PDGFR-␤ ϩ and CD13 ϩ , respectively, from the V-SVZ (Fig. 3G-J ) . Importantly, no pericytes were CD31 ϩ nor were any endothelial cells PDGFR-␤ ϩ . Second, we performed qPCR for genes expressed by endothelial cells (Tjp1, also known as Zo1, and Glut1, also known as Slc2a1; Daneman et al., 2010a) and pericytes (Pdgfrb and Abcc9; Bondjers et al., 2006) on three independent biological replicates of freshly isolated endothelial cells and pericytes using total V-SVZ tissue as a control. Purified endothelial cells were enriched for Glut1 and Tjp1 and lacked pericyte markers (Fig. 3 K, L) . Conversely, purified pericytes were enriched for Pdgfrb and Abcc9 and lacked expression of endothelial markers (Fig. 3 K, L) . Interestingly, cortical endothelial cells have significantly more expression of Tjp1 compared with V-SVZ ( p Ͻ 0.05), consistent with accessibility of the V-SVZ to systemically injected tracers (Tavazoie et al., 2008) . Gfap, a marker of astrocytes, was not expressed by any purified population (data not shown).
Finally, we analyzed the survival and in vitro properties of purified endothelial cells and pericytes. Twenty-four hours after plating, ϳ43% and 39% (cortical) and 33% and 29% (V-SVZ) endothelial cells and pericytes, respectively, were viable in vitro (no significant differences). After 2 weeks, endothelial cells homogeneously exhibited a characteristic flat fan shape and formed a monolayer with cobblestone morphology (Fig. 3M ; Wu et al., 2003) . Pericytes, in contrast, displayed a rhomboid morphology with some elongated processes (Fig. 3N ) , as described previously (Tigges et al., 2012) . CD31 immunostaining of endothelial cells revealed strong staining of all cells at intercellular contacts (Fig.  3O ). All pericytes expressed PDGFR-␤ (Fig. 3P) . In sum, this protocol provides an efficient method to isolate primary vascular cells from brain microregions.
Brain endothelial diffusible signals exhibit regional effects on V-SVZ proliferation
In the adult V-SVZ, GFAP ϩ qNSCs generate GFAP were FACS purified from the V-SVZ of GFAP::GFP mice (Pastrana et al., 2009; Codega et al., 2014) and cultured in the presence of conditioned medium from primary cortical or V-SVZ endothelial cells for 7 d (Fig. 4A) . We compared their effects with conditioned medium from bend.3 immortalized endothelial cells, which are widely used to assay endothelial signals (Shen et al., 2004; Mathieu et al., 2006 Mathieu et al., , 2008 Plane et al., 2010; . Importantly, all cultures were done in the absence of exogenous growth factors such as EGF or FGF2. As controls, we included either neurosphere medium alone (negative control) or neurosphere medium with exogenous EGF (positive control).
Conditioned medium from primary and transformed bend.3 endothelial cells both elicited proliferation of aNSCs ( p Ͻ 0.001) and TACs ( p Ͻ 0.05) compared with neurosphere medium alone (Fig. 4B-D, G) . Notably, the effect of primary endothelial cells was significantly more robust than that of the bend3 cell line on aNSCs (Fig. 4G , p Ͻ 0.01). Unexpectedly, cortical endothelial signals were the most potent inducers of proliferation for both aNSCs and TACs, producing a 50-fold and a 44-fold increase in total cell number compared with NS medium alone at 7 d, respectively. Moreover, whereas aNSCs proliferated the most robustly in response to diffusible endothelial signals, only cortical endothelial signals were able to induce the proliferation of qNSCs over baseline levels in neurosphere medium without growth factors (Fig. 4G, p Ͻ 0.05) .
The effect of endothelial cells on proliferation could be due to the recruitment of additional aNSCs or to increased division of already activated clones. To distinguish between these two possibilities, we performed single-cell assays (Fig. 5A) . The number of single-cell clones derived from aNSCs was not significantly different for any condition, including the EGF-only control (Fig.  5F ). Instead, individual aNSCs divided to form larger clones in the presence of conditioned medium from both primary cortical and V-SVZ endothelial cells as compared to bend.3 (Fig. 5B-D, G, p Ͻ 0.05) . The size of clones generated with all types of conditioned endothelial medium was smaller than those with EGF (Fig. 5 E, G) . Therefore, the increase in cell number elicited by primary endothelial cell diffusible signals was due to increased proliferation of already activated clones rather than increased recruitment.
Pericyte-diffusible signals promote proliferation of aNSCs and TACs
Pericytes are an important component of the brain vasculature; however, their contribution to adult neural stem cell regulation is unknown. To assess the effect of diffusible pericyte signals on FACSpurified SVZ cells, we cultured qNSCs, aNSCs, and TACs with primary pericyte conditioned medium for 7 d (Fig. 4A ). Our cultures revealed that pericyte-conditioned medium from the cortex and V-SVZ promoted the proliferation of both aNSCs and TACs, eliciting 2.7-and 3.5-fold more cells from aNSCs (p Ͻ 0.01) and 3.4-and 3.5-fold more cells from TACs (p Ͻ 0.01) than control, respectively ( Fig. 4E-G ), but to a lesser extent than endothelial cells (Fig. 4G) . Morphologically, the colonies produced by pericyte-conditioned medium (Fig. 4E,F) were smaller and more dispersed than those with primary endothelial signals (Fig. 4B,C) .
We further confirmed that the effect of diffusible signals from both endothelial cells and pericytes on proliferation was not a result of changes in cell number due to differentiation or cell death. Nestin, a progenitor marker, is first upregulated as qNSCs become activated and is expressed in their dividing progeny until they undergo differentiation. All cells in colonies from all V-SVZ populations expressed nestin, even those that had begun to express TuJ1 ( Fig. 4H ) . Therefore, the cells are not terminally differentiated. Second, to assess proliferation more directly, we examined expression of either MCM2 or Ki67, two intrinsic markers of cell division (Fig. 4I ) . We analyzed aNSCs and TACs at 4 d in vitro and qNSCs at 7 d in vitro due to their different kinetics of division (Codega et al., 2014) . At these time points, all three populations are actively dividing. Conditioned medium from all perivascular cells had a significantly higher percentage of MCM2 ϩ cells than control in the aNSC population ( p Ͻ 0.01). Strikingly, at 4 d in culture, almost all aNSCs were MCM2 ϩ with cortical endothelial conditioned medium and approximately half with all other conditions. Only cortical endothelial conditioned medium produced more dividing cells from qNSCs and TACs than control ( p Ͻ 0.05 for qNSCS and p Ͻ 0.01 for TACs). Finally, we did not observe significant cell death after 24 h for any condition (Fig. 4J ) . Together, these results show that both endothelial cells and pericytes secrete diffusible signals that support V-SVZ cell proliferation, although endothelial cells are more potent. Notably, endothelial factors from the cortex, a non-neurogenic region, elicit greater proliferation than those from the V-SVZ stem cell niche.
Diffusible signals from pericytes and endothelial cells promote neurogenesis
To determine the effect of primary endothelial cells and pericytes on differentiation, we cultured qNSCs, aNSCs, and TACs in the presence of conditioned medium for 10 d or neurosphere medium with EGF alone as a positive control. Conditioned medium was then removed for 5 d to allow differentiation and the number of neurons, astrocytes, and oligodendrocytes was quantified (Fig.  6A) . Oligodendrocytes constituted Ͻ2% of cells and were not significantly different in any condition.
Conditioned medium from all vascular cells increased aNSC neurogenesis and reduced astrocyte formation over EGF control (Fig. 6D -F,G-J; p Ͻ 0.05 for cortical, V-SVZ, and bend.3 endothelial cells, p Ͻ 0.001 for cortical and V-SVZ pericytes). Both cortical and V-SVZ vascular signals also promoted neurogenesis over astrocyte formation from TACs compared with EGF controls (Fig. 6J ; p Ͻ 0.001 for cortical and V-SVZ pericytes; p Ͻ 0.05 for cortical, V-SVZ, and bend.3 endothelial cells). Notably, cortical and V-SVZ pericytes produced significantly more neurons from TACs than their endothelial counterparts ( p Ͻ 0.01; Fig. 6J ) .
Strikingly, only diffusible signals from cortical pericytes significantly increased neuronal differentiation of qNSCs compared with neurosphere medium with EGF (Fig. 6J, p Ͻ 0.05) . The majority of qNSC-derived colonies (Fig. 6C) were morphologically similar to those generated by aNSCs and TACs. Occasionally, qNSCs also formed colonies composed of many neurons in chains surrounding a single central astrocyte (Fig. 6B ). This type of colony was only observed from qNSCs. In sum, by purifying different vascular cell types, we have uncovered regional differences between vascular cells and a novel role for pericytes in promoting neurogenesis.
Endothelial-derived PlGF-2 promotes proliferation of V-SVZ cells
To identify factors that mediate the proliferative effect of endothelial cells, we analyzed conditioned medium from cortical and V-SVZ endothelial cells and pericytes using antibody arrays. We focused on candidates that were highly secreted by cortical endothelial cells compared with V-SVZ endothelial cells and not detectable in conditioned medium from pericytes. Of 53 candidate factors, placental growth factor 2 (PlGF-2), a ligand of vascular endothelial growth factor receptor 1 (VEGFR1), fit these criteria (Fig. 7 A, B) . We used SerpinE1, a soluble factor produced by brain endothelial cells (Teng et al., 2008) , as a reference in this assay. SerpinE1 was highly expressed by primary endothelial cells and pericytes from both brain regions, whereas PlGF-2 was se- creted at high levels by cortical endothelial cells, at lower levels by V-SVZ endothelial cells, and not by pericytes (Fig. 7 A, B) . In contrast, VEGF-A and VEGF-B were either not produced by endothelial cells and pericytes in our conditions, or were produced at levels that were not detectable (Fig. 7 A, B) . VEGF-C was not present on the antibody arrays.
We next functionally validated that PlGF-2 present in cortical conditioned medium stimulated proliferation using pharmacological inhibition. Treatment of aNSCs with the VEGFR1/2 inhibitor ZM 306416 resulted in a significant decrease in proliferation of aNSCs cultured with cortical endothelial cell conditioned medium, but not of those cultured with EGF or NS medium alone (Fig. 7C) . We then tested directly whether PlGF-2 alone is a mitogen for qNSCs, aNSCs, and TACs. All three populations express VEGFR1 by qPCR (data not shown; Codega et al., 2014) . We cultured qNSCs, aNSCs, and TACs with PlGF-2 in the absence of other growth factors for 7 d. aNSCs and TACs proliferated with PlGF-2 to a similar extent as EGF control ( Fig.  7D ; p Ͻ 0.001). Rare qNSCs become activated and upregulate nestin expression in response to EGF alone at early time points but do not yet divide extensively (Codega et al., 2014) . qNSCs exhibited a similar response to PlGF-2. They did not significantly increase their total cell number (Fig. 7D ), but became activated from the quiescent state in response to PlGF-2 ( Fig. 7E ; p Ͻ 0.05). PlGF-2 is therefore a niche factor secreted by endothelial cells that can promote proliferation of V-SVZ stem cells and their progeny.
Discussion
The importance of the vasculature during development and in adult stem cell and tumor niches is just beginning to emerge. We provide a novel strategy to isolate primary vascular cells from different brain microregions with high purity and define the effects of their secretome on V-SVZ adult neural stem cells and their progeny (Fig. 8) . Our findings reveal regional vascular and stage-specific effects on the stem cell lineage and novel functions of pericytes in the neural stem cell niche.
The vasculature plays a key role in adult neural stem cell and progenitor proliferation and differentiation. Vascular-derived diffusible signals stimulate proliferation and neurogenesis from adult neural stem cells (Shen et al., 2004; Mathieu et al., 2006; Ramírez-Castillejo et al., 2006; Teng et al., 2008; Andreu-Agulló et al., 2009; Kokovay et al., 2010; Gó mez-Gaviro et al., 2012) , whereas contact-mediated signals promote quiescence (Mathieu et al., 2006; Gama Sosa et al., 2007; Mathieu et al., 2008; Shen et al., 2008 , Kazanis et al., 2010 Kokovay et al., 2010) . Recently, it has been shown that endothelial cells also secrete diffusible signals that mediate quiescence, such as NT3 (Delgado et al., 2014) . However, to date, the majority of studies investigating the effect of endothelial cells on adult neural stem cells have used transformed endothelial cell lines or endothelial cells isolated from the whole brain together with growth factors. With our strategy to isolate vascular cells from neurogenic and non-neurogenic brain microregions, we have uncovered striking regional differences in the brain vasculature.
Our findings show that diffusible factors from primary V-SVZ endothelial cells increase the proliferation and neuronal differentiation of actively dividing stages of the lineage (aNSCs and TACs), but had no effect on qNSC proliferation. Interestingly, aNSCs were more responsive to proliferative signals than TACs, The potency of cortical endothelial and pericyte signals is particularly striking because, under normal conditions, cell proliferation is limited in the cortex and the environment is inhibitory to neurogenesis (Ninkovic and Götz, 2013) . Our findings highlight that cortical vascular cells have the intrinsic capacity to support stem cell proliferation and differentiation. Although we cannot rule out that this capacity may have been acquired in vitro, other studies also support the idea that non-neurogenic brain areas may harbor latent regenerative capabilities that are revealed after injury. In non-neurogenic regions of the brain, the vasculature and its secretome change after stroke (Ohab et al., 2006; Teng et al., 2008; Greenberg, 2014) . After ischemic stroke, neuroblasts migrate to the cortex or striatum and localize to blood vessels in response to the vasculature-derived molecules SDF-1 and angiopoeitin (Ohab et al., 2006; Yamashita et al., 2006; Kojima et al., 2010) . In addition, astrocytes divide adjacent to vessels after injury to the cerebral cortex (Bardehle et al., 2013) . In the cortex, blood vessels are tightly encapsulated by astrocyte end-feet, which may limit the ability of signals to permeate into the tissue under normal conditions. Gaps in astrocyte end-feet coverage in the V-SVZ blood vessels may allow unique access to vascularderived signals (Tavazoie et al., 2008) . Therefore, the vasculature in non-neurogenic regions may have the capacity to support stem cells, but may be restricted from doing so under normal conditions. Devising novel strategies to allow vascular signals in non-neurogenic areas to access nearby parenchyma may be an attractive approach to promoting brain repair.
We identify PlGF-2 as an endothelial-derived factor that can stimulate proliferation of V-SVZ cells. Although PlGF-2 is present in both V-SVZ and cortical endothelial conditioned medium, it is present at much higher levels in medium derived from cortical endothelial cells. PlGF-2 is a ligand for VEGFR1 and has been implicated in wound healing, endothelial stimulation, and pathological angiogenesis. Here, we show that PlGF-2 is a potent mitogen of V-SVZ cells and stimulates aNSCs and TACs to divide extensively without any other growth factors. Moreover, it also promotes the activation of qNSCs. Our findings uncover PlGF-2 as a novel mitogen, as potent as the widely used EGF, for V-SVZ adult neural stem cells and their progeny. VEGFR signaling has been implicated in multiple facets of the regulation of adult neural stem cells and their progeny, in addition to their classical roles in blood vessel formation (Meng et al., 2006; Calvo et al., 2011; Harms et al., 2010; Mani et al., 2010; Wittko et al., 2009 ). Determining how adult neural stem cells and their progeny integrate diverse niche signals will be important to elucidate in the future, as will identifying additional endothelial and pericyte-derived signals.
Brain pericytes contribute to the structural integrity of the vasculature during development, adulthood, and in aging (Armulik et al., 2010; Daneman et al., 2010b; Lacar et al., 2012) and pericyte loss in the brain may contribute to neurodegenerative disease (Bell et al., 2010 (Bell et al., , 2012 . Here, we show that pericytes contribute in several ways to the adult neural stem cell niche. Diffusible factors from primary V-SVZ pericytes increased the proliferation and neuronal differentiation of actively dividing stages of the lineage (aNSCs and TACs). However, their effect on proliferation was less potent than that of endothelial cells. Interestingly, only cortical pericytes increased neuronal differentiation from qNSCs.
Pericytes are just emerging as functional components in other stem cell niches. In the hematopoietic stem cell niche, pericytes/ vascular stromal cells are important for the maintenance of longterm reconstituting stem cells and for their homing to the niche (Méndez-Ferrer et al., 2010; Ding et al., 2012; Ding and Morrison, 2013; Kunisaki et al., 2013) . Pericytes are highly heterogeneous and some can behave as mesenchymal stem cells (MSCs) in vitro (Crisan et al., 2008) . MSCs have been isolated from the human brain (Paul et al., 2012) . It will therefore be important in the future to determine whether distinct populations of pericytes have different functions in stem cell niches.
The isolation of primary vascular cells from different organs will allow the comparison of their molecular signatures and functional properties and illuminate common and tissue-specific features (Daneman et al., 2010a; Lee et al., 2012; Gay et al., 2013; Nolan et al., 2013; . The FACS purification protocol we describe here has several advantages over previous methods, allowing the simultaneous purification of endothelial cells and pericytes from small brain regions without the need for further subculturing. This procedure is rapid and yields pure populations in 5 h. Because this protocol can be applied to any mouse strain including wild-type or mutant mice, it provides a powerful tool with which to both investigate molecular changes in the vasculature during development and under different physiological states-including aging and exercise and pathological states such as gliomas, stroke, CNS infections, and neurodegenerative disease-and to provide cells for functional experiments. In the future, the purification of other niche cell types including macrophages, fibroblasts, and microglia may allow elucidation of their contributions to the neurovascular unit and the V-SVZ niche. It will also be interesting to compare the intrinsic and functional properties of vascular cell types in the adult hippocampal stem cell niche, where the vasculature is an important niche component but has different anatomical features than the V-SVZ (Palmer et al., 2000) .
In sum, the ability to purify endothelial cells and pericytes directly from their in vivo niche offers a new and powerful approach to study brain vasculature and highlights their differing roles in the stem cell niche. Moreover, non-neurogenic regions of the brain may have greater plasticity than was previously realized.
